We report that Brucella abortus and Brucella melitensis agglutinate human (A+ and B+), hamster and rabbit erythrocytes, a heretofore undescribed feature in this genus. This activity was associated with a 29-kDa surface protein (SP29) that bound selectively to these erythrocytes and this binding was inhibited by rabbit anti-SP29 antibodies. Hemagglutination was inhibited by pretreatment of erythrocytes with neuraminidase and by preincubation of B. abortus with chondroitin sulfate, N-acetylneuraminic acid and Nacetylneuramin-lactose. ß
Introduction
Brucella is a Gram-negative intracellular pathogen that causes Malta fever or brucellosis, a disease that a¡ects a broad range of mammals including humans [1, 2] . Brucella abortus is able to multiply within a membrane-bounded compartment that resembles the endoplasmic reticulum in phagocytic and non-professional phagocytic cells [39 ] . Brucella lipopolysaccharide (LPS) is an important surface determinant ; however, there is no evidence to support a role in invasion [10, 11] . Naturally smooth Brucella species are pathogenic while rough strains display reduced virulence. However, occurring rough Brucella strains may be pathogenic and some smooth strains may display reduced virulence. This suggests that the O-chain of LPS is not the only factor necessary for virulence and that outer membrane proteins could also play an important role in the pathogenesis of the brucellosis [11, 12] .
Adherence to the mucosal surface is an initial and crucial step in the pathogenesis of many bacterial infections [13] . Therefore, it is reasonable to suggest that before entering phagocytic and non-phagocytic cells, the brucellae must initially interact with the surface of host target cells lying on the mucosal epithelium. The nature of the surface determinants involved in the initial attachment of Brucella to epithelial or red blood cells (RBC) is largely unknown. Identi¢cation and characterization of adhesins involved in recognition of receptors required for colonization and dissemination of Brucella on host tissues are needed to understand the pathogenesis of brucellosis. In that respect, the hemagglutination (HA) test has been widely used for the detection and characterization of many lectin-like adhesins in several bacterial pathogens [14^19]. The wide natural variability of glycoproteins and glycolipids on the surface of RBC of di¡erent animal species provides a tool for evaluating the speci¢city of bacterial adherence and identi¢cation of bacterial adhesins [13, 14, 20] . Thus, detailed studies on the HA abilities of Brucella strains could contribute to elucidate the nature of its adhesins. The goal of this study was to investigate the ability of B. abortus and Brucella melitensis to hemagglutinate human and several animal RBC. The identity of the receptor moiety involved in this interaction was also investigated. Our data could have implications to further investigate the interplay of Brucella with eukaryotic epithelial cells.
Materials and methods

Bacterial strains and culture conditions
We employed reference heterologous strains B. abortus S19, a natural smooth attenuated vaccine strain, and B. abortus 2308, a smooth virulent strain. B. abortus 02 was isolated from an aborted bovine fetus and B. melitensis 03 was isolated from a bone marrow culture obtained from a patient with chronic brucellosis in this laboratory. Bacteria were routinely grown in tryptic soy agar at 37 ‡C for 48 h under a 5% CO 2 atmosphere.
HA assays
The HA assay employed human group O+, A+, and B+, rabbit, hamster, guinea pig, rat, mouse, sheep, and dog erythrocytes, as previously described [14, 18] . HA assays were also performed with bacterial surface proteins (SP) at a concentration of 50 Wg ml 31 . The HA titer or HA unit (HAU) is expressed as the reciprocal of the highest dilution of the bacterial suspension giving complete HA [14, 18] . Throughout this study all experiments were performed at least three times. To test the e¡ect of enzymatic and chemical treatment of RBC a suspension of 3% rabbit erythrocytes (0.5 ml) was treated separately with 0.2 U ml 31 of neuraminidase, 0.1 mg ml 31 of trypsin, or 1 mg ml 31 of sodium periodate at 37 ‡C for 30 min as previously described [21] . After thorough washing, the pretreated RBC were incubated with B. abortus 02 and assayed for HA.
Heat extraction of SP of Brucella
Bacteria were harvested and resuspended in phosphatebu¡ered saline (PBS) and heated at 65 ‡C for 30 min [14, 22] . After centrifugation at 10 000Ug at 4 ‡C the SP were analyzed by polyacrylamide gel electrophoresis (SDS^PAGE) [23] and immunoblotting. Rabbit polyclonal antibodies raised against the total fraction of heat-extracted SP, or the individual SP of 14, 18, 29, 31, and 41 kDa were used in immunoblots and inhibition of HA.
2.4.
Binding of SP to human B+ and animal erythrocytes B. abortus 02 was surface-labeled with sulfosuccinimidyl 6-(biotinamido)hexanoate (NHS-LC-biotin) as recommended by the manufacturer (Pierce) [22] . Biotinylated and non-biotinylated SP were heat-extracted as described above and incubated with RBC suspended in PBS containing 1% bovine serum albumin (BSA) for 6 h at 37 ‡C. The RBC were washed three times with PBS to remove nonbound SP, and then subjected to SDS^PAGE [23] . Biotinylated SP were detected in immunoblots with streptavidin conjugated to alkaline phosphatase, and non-biotinylated SP were detected with anti-SP or SP29 antibodies and goat anti-rabbit IgG conjugated to alkaline phosphatase. SP29 was electroeluted in elution bu¡er (0.1% SDS, 25 mM Tris, 192 mM glycine, pH 8.5) for 4 h at 60 mA from 16 to 20% gradient SDS^PAGE gels [24] . This SP29 fraction was subjected to peptic digestion and internal amino acid sequencing.
HA inhibition with receptor analogues
Chondroitin sulfate, heparin, heparan sulfate, dextran, methyl K-D-mannopyranosyl, and acetyl K-D-mannopyranosyl were used in HA inhibition assays at an initial concentration of 100 Wg ml 31 ; L-fucose, D-arabinose, L-asparagine, D-xylose, D-glucose, and D-mannose at 100 mM; and N-acetylneuraminic acid at 30 Wg ml 31 , and N-acetylneuramin-lactose at 65 Wg ml 31 (Sigma) as previously described [18, 21, 22] . Results are expressed as the minimal concentration of putative inhibitors to inhibit 1 HAU. Statistical analysis of variances between the putative inhibitors was done using the Barttlet test. The e¡ect of inhibitors, chemical and enzymatic treatments of RBC on HA was analyzed using the Mann^Whitney statistical test [25] .
Results and discussion
The mechanisms of pathogenesis of Brucella infection in its natural host species and in humans remain largely unknown and neither adhesins nor invasins have been iden- ti¢ed. Several studies referred to the interaction of brucellae with macrophages, lymphocytes, and placental trophoblasts [2, 3, 8] . In an e¡ort to identify surface-associated protein(s) with adhesive properties, we studied the HA ability of two Brucella species utilizing RBC obtained from human and di¡erent animal species. We found that all of the Brucella strains tested showed, albeit to di¡erent extent, hemagglutination of human (A+ and B+), rabbit, hamster, rat and mouse RBC, but not human O, guinea pig, dog and sheep RBC ( To elucidate the nature of the possible receptor molecule(s) involved in the HA activity, a number of potential chemical inhibitors were tested in the HA assays described above. Notably, the HA activity was inhibited by preincubation of the bacteria with chondroitin sulfate (0.048 Wg ml 31 ), heparan sulfate (3.125 Wg ml 31 ), N-acetylneuraminic acid (3.75 Wg ml 31 ) , and N-acetylneuramin-lactose (8.12 Wg ml 31 ) ( Table 2) . A signi¢cant di¡erence was noted between chondroitin sulfate and all of the compounds tested (P 6 0.05). The level of inhibition exhibited by dextran, methyl K-D-mannopyranosyl and acetyl K-Dmannopyranosyl was 500-fold less than that exhibited by chondroitin sulfate (P 6 0.05), and 3^6-fold less than heparan sulfate and N-acetylneuraminic acid, respectively (P 6 0.05). Signi¢cant di¡erences were observed between chondroitin sulfate and heparan sulfate, and between heparan sulfate and N-acetylneuramin-lactose, but not between heparan sulfate and N-acetylneuraminic acid. Carbohydrates such as L-fucose, D-arabinose, D-xylose, Dglucose and D-mannose did not inhibit HA even when employed at high concentrations (100 mM). HA was importantly inhibited by pretreatment of RBC with neuraminidase and sodium periodate (P 6 0.05) (Table 3) . Conversely, the HA activity was increased when trypsintreated RBC were employed (P 6 0.05) ( Table 3) probably due to elimination of super¢cial proteins, unmasking 'internal' sialic acid-containing structures that interact with Brucella lectins [21, 26] . The strong inhibition manifested by chondroitin sulfate is particularly interesting. Chondroitin is a proteoglycan of extracellular material formed by long repeating linear polymers of D-glucuronic acid and N-acetyl-D-galactosamine, and its sulfuric acid derivatives are major structural components of cell coats, cartilage, bone, cornea and other connective tissue structures in vertebrates [27] . Despite the tropism of these pathogens for reproductive organs in later states of the infection, the bacterium has also been localized within cells of tissues such as bones, joints, eyes, and brain [1, 2] . It is possible then that chondroitin sulfate could play an important role in the avidity of Brucella for these tissues and, thus, may be relevant to the disease. It is relevant to note that heparin did not show the same level of inhibition as heparan sulfate, suggesting the importance of sulfate groups in this interaction. It is possible that the negative charges of the sulfate residue may contribute to this e¡ect. In all, these data suggest the participation of sulfated and/or sialic acid-containing glycoconjugate receptors in the interaction of Brucella with RBC [28] .
Our data also suggest that sialic acid residues are required for the interaction of Brucella with RBC, since desialylation of the RBC decreased the HA activity [20] . For sialic acid-binding lectins, the conformation of terminal sialic acid is essential for adhesion, whereas for other bacterial lectins, complementary sugars may be arranged in speci¢c linear and/or branched sequences. The composition and structure of cell carbohydrates could explain, in part, the bacterial tropism and susceptibility or resistance of the host to disease [28] . For instance, Helicobacter pylori exhibits di¡erent HA patterns attributed to a great heterogeneity in recognition of a heterogeneous class of sialoglycoconjugates on the erythrocyte membrane. This ability suggests that the HA may be an important colonization factor enabling H. pylori to bind to similar saccharide structures on epithelial cells [29, 30] . In parallel with these observations, our data also suggest that Brucella strains have an a⁄nity for sialic acid residues on RBC cells and by analogy that the SP29 might be important for interaction with mammalian cells. This result raises the possibility that sialyl-containing structures such as gangliosides may be host targets for Brucella. Interestingly, gangliosides are present in bronchial epithelium and are most abundant in the gray matter of the brain where they constitute 6% of the total lipids, but small amounts are also found in non-neural tissues like the bronchial epithelia [27] . This distribution and the a⁄nity of the brucellae for sialic acid residues could explain in part the neurological and pulmonary manifestations observed in certain cases of brucellosis [1] .
In order to identify a surface molecule involved in HA we heat-extracted SP of Brucella and analyzed them by SDS^PAGE. These heat-extracts contained proteins in the range of 14^67 kDa, the most prominent being those with molecular masses of 14, 18, 31 and 41 kDa (Fig. 1A) . The washed heat-extracted bacteria failed to show HA, suggesting that all of the hemagglutinating activity had been removed (data not shown). SP from B. abortus O2 agglutinated human A+, B+, rabbit, and hamster RBC (Table 1) . Antibodies raised against B. abortus SP reacted with B. melitensis SP in immunoblots, suggesting that both Brucella species produce SP with similar antigenic features (data not shown).
We then attempted to identify a SP involved in the attachment of B. abortus to RBC. Biotinylated or nonbiotinylated SP of B. abortus 02 were incubated with human B+, rabbit or hamster erythrocytes. Among biotinylated SP, a doublet band that migrated with an apparent mass of 29^31 kDa associated with human, rabbit, and hamster RBC (Fig. 1B) . Similar results were obtained with non-biotinylated SP using anti-SP antibodies (Fig.  1C) . However, a predominant band of 29 kDa, referred to as SP29, bound strongly to rabbit RBC and to a less extent to human and hamster RBC. The same band was detected in rabbit RBC incubated with non-biotinylated SP using anti-SP29 antibodies (Fig. 1D) . No proteins were detected in the negative control reaction containing only rabbit RBC plus anti-SP (Fig. 1D) or anti-SP29 antibodies (data not shown) demonstrating the speci¢city of SP29 binding to RBC. Antibodies against total SP and against individual SP were then used in HA inhibition studies. All of the antibodies tested showed some degree of inhibition; however, the most important e¡ect was seen with human and rabbit RBC (Table 4) . Antibodies against SP29 inhibited strongly HA of rabbit RBC at 1/8000 dilution. A moderate e¡ect was seen with human RBC at a 1/4000 dilution, and a weak inhibition of hamster RBC at 1/125 dilution. Antibodies against SP31 and SP41 also showed important inhibitions of rabbit and human RBC. SP29 was puri¢ed from the total SP preparation by electroelution (Fig. 2, lane 1) and its identity con¢rmed by immunoblotting using anti-SP29 antibodies (Fig. 2,  lane 2) . Puri¢ed SP29 bound directly to rabbit RBC (Fig. 2, lane 3) , suggesting that SP29 is a surface protein with adhesive properties and a⁄nity for rabbit RBC.
In addition, pretreatment of SP29 with N-acetylneura- minic acid and neuraminidase treatment of rabbit RBC eliminated the binding activity of SP29 con¢rming the compelling role of SP29 in adherence to sialic acid-containing receptors (Fig. 2, lanes 4 and 5) . We failed to obtain N-terminal amino acid sequence analysis of SP29 due to blocked residues. However, peptic digestion of SP29 yielded an internal fragment (AGELQYTVLQP-VAVFSEAAVK) that corresponds to a periplasmic protein found in B. melitensis (GenBank GI 17988780) [31] . SP29 is highly homologous to a ribose-binding protein present in Yersinia pestis (GI 16122509) [32] . Based on the available data it is possible that SP29 is inserted in the outer membrane where it can function in carbohydrate uptake and as an adhesin that interacts with a sugar moiety contained on sialic acids and chondroitin on mammalian cells. Further studies are needed to elucidate the nature of SP29 and its role, if any, in the pathogenesis of brucellosis. The HA property described here is not proposed as a diagnostic tool for brucellosis. The biological relevance of HA of RBC by brucellae is unknown and while the HA property per se does not necessarily imply a correlation with virulence, the data presented here open new avenues to study and understand the pathogenic interplay of Brucella with host target cells in animal and human natural infections.
